Microalgae-based biorefinery concepts can contribute to providing sufficient resources for a growing world population. However, the performance needs to be improved, which requires innovative technologies and processes. Continuous extraction from Chlorella vulgaris cultures via pulsed electric field (PEF) processing might be a viable process to increase the performance of microalgae-based biorefinery concepts. In this study, increasing protein extraction rates were observed with increasing electric field strength, up to 96.6 ± 4.8% of the free protein in the microalgae. However, increased extraction rates negatively influenced microalgae growth after PEF treatment. A free protein extraction rate up to 29.1 ± 1.1% without a significant influence on microalgal growth after 168 h was achieved (p = 0.788).
. The annual production of Chlorella species amounts to approximately 5000 metric tons (Masojídek and Torzillo, 2014 ). However, current cultivation systems are not yet competitive compared with other established sources (Smetana et al., 2017) . One way to increase the performance of microalgae-based biorefineries is growth stimulation or selective microbial inactivation via nanosecond pulsed electric field (nsPEF) processing, an innovative technology in microalgae upstream processing (Buchmann et al., 2019a (Buchmann et al., ,b, 2018a . However, further improvements in downstream processing are required to overcome limitations regarding the high production costs of microalgae derived from the growth medium, energy supply and intensive extraction procedures for valuable compounds (Enzing et al., 2014; Golberg et al., 2016) .
C. vulgaris possesses a rigid cell wall, which protects the microalgae against harsh environmental conditions (Safi et al., 2014) . However, this rigid cell wall causes low bioavailability of microalgae constituents for human digestion. Therefore, the disintegration of microalgae cells is necessary to release microalgal constituents (Becker, 2007) . Currently, energy-intensive downstream processes, including the harvesting of biomass, cell disruption and drying of the extracted components, are required (Enzing et al., 2014; Golberg et al., 2016) .
Pulsed electric field (PEF) processing of fresh microalgae biomass could be a potential solution to realize a closed loop biorefinery concept. PEF processing is extensively investigated as an innovative nonthermal technique to increase mass transfer across cellular membranes (Golberg et al., 2016; Toepfl et al., 2007) . However, PEF-based extraction of cell constituents showed lower yields compared to other established extraction processes (Carullo et al., 2018; Grimi et al., 2014) . Nevertheless, pulsed electric field processing can be applied reversibly or irreversibly, depending on the selected parameters (Luengo et al., 2015a) . Reversible electropermeabilization is widely used for the insertion of molecules into cells, whereas irreversible electropermeabilization is widely used for microbial inactivation and cancer treatment (Campana et al., 2016; Stacey et al., 2003) . Applying PEF in a reversible way increases the mass transfer across the cell membrane without impeding the cell's physiological state (Luengo et al., 2015a) . In addition, the extractable cell constituents after PEF processing depend on the suspending fluid (Goettel et al., 2013) . Therefore, combining PEF processing with membrane technology could allow for continuous cascade processing of microalgae (Bleakley and Hayes, 2017; Goettel et al., 2013) .
Based on these findings, the aim of this project was to assess the ability of PEF processing to extract microalgal proteins from viable cell cultures, towards the implementation of PEF processing in a closed-loop biorefinery concept.
Materials and methods

Raw materials
Chlorella vulgaris SAG 211-12 was obtained from the Culture Collection of Algae at Goettingen University (SAG, Goettingen, Germany). First, 50 mL of C. vulgaris was inoculated one week prior to experiments in 350 mL of DSN cultivation medium in a 1-L Erlenmeyer flask (Pohl et al., 1987) . The initial dry weight (DW) of C. vulgaris was standardized to 0.3 g L −1 . C. vulgaris was cultivated under autotrophic and non-axenic growth conditions. The cultures were incubated at 25 ± 0.2°C, 70% relative humidity, 150 rpm, 7% v/v CO 2 , and continuous illumination with a mean photosynthetically active photon flux density (PPFD) of 36 µmol photons m −2 s −1 using warm white LED lamps in a shaking incubator (Multitron Pro shaking incubator, Infors AG, Bottmingen, Switzerland). The growth of C. vulgaris was monitored by optical density (OD) measurements at 750 nm (GENESYS™ 10S, Thermo Fischer Scientific Inc., Waltham, MA, USA). The correlation factor between OD and DW is shown in Eq.
(1) (R 2 = 0.9971):
(1)
Sample preparation
Prior to the cell disruption processes, the concentration and conductivity of the microalgae cultures were standardized. For all PEF experiments, a microalgae concentration of 6 g L −1 was used. Through centrifugation (1780 g, 5 min), the microalgae biomass was separated from the supernatant (Centrifuge Z 366 K, Hermle Labortechnik GmbH, Wehingen, Germany). Subsequently, the supernatant was removed and the microalgae biomass was resuspended in 151.7 mM phosphate buffered saline (PBS), adjusted to a conductivity σ [mS cm −1 ] of 2 mS cm −1 and pH = 7. The conductivity adjustment was necessary to achieve matched load conditions in subsequent PEF treatments. Directly after the preparation of the microalgae suspensions, the conductivity was measured and the pH of the microalgae suspension was monitored. Following a mixing step, 0.5 mL aliquots of the microalgae suspensions were transferred to electroporation cuvettes for PEF treatment.
In addition to this standard protocol, the influence of the treatment fluid on the protein extraction and recovery rate was analyzed. Therefore, the cultivation media DSN (Pohl et al., 1987) was used as a treatment fluid without conductivity adjustment, after dry weight standardization. The resulting mismatched load conditions were accounted for in the energy input calculations (Buchmann et al., 2018b) .
Pulsed electric field (PEF) treatment
The samples were treated batch wise in plate-plate electroporation cuvettes at 2 mm electrode distance, resulting in electric field strengths of up to 20 kV cm −1 (BTX cuvettes, Harvard Apparatus, Holliston MA, USA). Hence, a homogenous treatment resulting in a homogenous energy input was achieved (Buchmann et al., 2018a,b) . The experimental setup consisted of a cuvette holder connected to a TSS 500 pulse generator (EM Test, Reinach, Switzerland). The pulse generator was capable of exponential decay pulses with a pulse width of 50 μs and a varying pulse amplitude from 1 V to 4000 V. Pulse measurements were conducted with a P6015A voltage probe (Tektronix Inc., Beaverton OR, USA) connected to a Wave Surfer 10 oscilloscope (Teledyne LeCroy GmbH, Heidelberg, Germany). For further information regarding the experimental setup, refer to Buchmann et al. (2018b) .
Protein extraction by high-pressure homogenization
Protein extraction by high-pressure homogenization (HPH) was carried out in order to compare two different extraction methods for microalgal cell constituents. According to Safi et al. (2015) , highpressure homogenization is one of the most efficient extraction methods. Thus, this method was selected as the reference process. For each sample, 2 mL of microalgae suspension were transferred to an HPH (Cell Disruptor, Constant Systems Limited, Daventry, UK). The microalgae cells were treated with 100 MPa.
Subsequent determination of the protein content was performed in accordance with the protocol described below (Section 2.5). However, the protein concentration was evaluated directly after the HPH process without an additional incubation period, as preliminary results indicated no increase in protein extraction with an extended incubation period.
Protein quantification
Following PEF treatment, the cuvettes were placed on a shaking plate (150 rpm) at ambient conditions for 24 h. The 24 h incubation period was derived from preliminary results. Following the incubation period, proteins were quantified by a colorimetric protein assay kit L. Buchmann, et al. Bioresource Technology 291 (2019) 121870 (Bradford Reagent, VWR International, Radnor, PA, USA) (Bradford, 1976) . Protein quantification was conducted after centrifugation (5000 g, 5 min) of the microalgae suspensions, separating the biomass from the protein-containing supernatant. The standard manufacturer VWR protocol was followed, with an incubation time of 10 min. Subsequently, the absorbance at 595 nm was measured by UV-Vis spectroscopy (GENESYS TM 10S, Thermo Fischer Scientific Inc., Waltham, MA, USA).
In addition to this standard protocol, the influence of the incubation fluid on the protein extraction and recovery rate was analyzed. Therefore, microalgae were transferred to DSN medium for the incubation period, instead of PBS. Directly after PEF treatment, microalgal samples were separated from PBS by centrifugation (5000 g, 5 min). Then, the PBS was removed and replaced by the same amount of DSN medium per sample. In the case of DSN as the treatment fluid, the incubation was directly carried out in DSN as well, equivalent to the sole PBS protocol, without an additional centrifugation step.
Determination of the total protein concentration was carried out by amino acid analysis (AAA) at the Functional Genomics Center Zurich (FGCZ), Switzerland. The AAA was carried out with a microalgae concentration of 6 g L −1 .
Microalgae revitalization
Microalgae revitalization was conducted by inoculation of the whole incubation volume in 10 mL of DSN medium in a sterilized 100-ml Erlenmeyer flask. Following DW determination, another 25 mL of DSN medium were added. This sequential DSN addition was necessary to reduce the dilution of the microalgae culture for DW determination. All samples were incubated at equal cultivation conditions as described above (Chapter 2.1). The growth curves of the revitalized samples were monitored over 168 h. The microalgae revitalization was assessed by the recovery rate (Eq. (2)):
Proteomic analysis
A shotgun analysis, liquid chromatography and mass spectrometry (LC-MS), of extracted proteins from C. vulgaris was conducted at the Functional Genomics Center Zurich (FGCZ), Switzerland. Proteins extracted by PEF were compared to proteins extracted by high-pressure homogenization.
The subsequent results are based on the SWISS-PROT database search. The database contains approximately 560,000 different proteins and a sequenced C. vulgaris SAG 211-12 strain. C. vulgaris has approximately 7100 protein-coding genes (Zuñiga et al., 2016) . The data were analyzed applying very stringent settings (protein threshold 1% FDR, min # peptides 2 and peptide threshold 0.1% FDR).
The total spectra with normalization and a minimum value of 0.5 were investigated. Further information regarding the proteomic analysis can be found in Buchmann et al. (2019b) .
Statistical analysis
The statistical analysis was conducted using IBM SPSS Statistics® (Version 24.0., IBM Corp., Armonk NY, USA). The equality of variance for the compared groups was tested using Levene's test. Subsequently, one-way ANOVA was performed, followed by a post hoc Tukey's HSD test. A confidence interval of 95% for all statistical evaluations was used. Proteomic results were analyzed by an analysis of variance with a 95% confidence interval, including a Benjamini-Hochberg correction.
Results and discussion
The absolute protein concentration of the investigated C. vulgaris suspension obtained by the AAA amounted to 2.87 g L −1 and 2.71 g L −1 . Consequently, the microalgae culture used consisted of 46.46 ± 0.01% protein. This total protein concentration of C. vulgaris agrees with the literature, where a total protein content of C. vulgaris between 42 and 58 % was found (Safi et al., 2014) . The energy inputs of the PEF experiments performed in PBS or in DSN fluid are compared in Table 1 . The theoretical applied electric field strength and the actual measured electric field strength must be distinguished. The actual measured electric field strength is lower than the theoretical. Furthermore, the measured electric field strength of experiments conducted in DSN is significantly lower compared to the experiments conducted in PBS. The higher conductivity of DSN results in mismatched load conditions. Consequently, for equal theoretical PEF parameters, the energy inputs of experiments performed with DSN as the treatment fluid are lower compared to the energy inputs of experiments performed with PBS as the treatment fluid. No temperature influence could be detected across all PEF parameters, with a temperature increase of < 5°C for all investigated conditions. For increased readability, the electric field strength is stated as the theoretical electric field strength in the manuscript. The energy input for the high-pressure homogenization was 400 kJ kg Sus −1 for each pass and two subsequent passes were applied in order to ensure complete disintegration of the cells.
Optimization of PEF-based protein extraction
The influence of the electric field strength on protein extraction was analyzed in order to optimize the PEF-based protein extraction. Therefore, the number of pulses was adjusted to obtain an equal energy input (7.76 ± 0.04 kJ kg Sus −1 ) for both electric field strengths (10 and 20 kV cm −1 ). Based on the energy input calculation, differences in the Buchmann, et al. Bioresource Technology 291 (2019) 121870 electric field strength can be accounted for by adjusting the number of applied pulses; for further information, refer to Buchmann et al. (2019b) . The results indicate a dependency of the protein extraction on the electric field strength. An electric field strength of 10 kV cm −1 resulted in an average protein extraction of 0.55 ± 0.01 g L −1 , whereas for an electric field strength of 20 kV cm −1 , a protein concentration of 0.80 ± 0.04 g L −1 was extracted. The results are in agreement with the common theory of electropermeabilization, for which a critical electric field needs to be exceeded in order to cause PEF-based effects on biological cells (Grahl and Märkl, 1996; Teissie and Tsong, 1981; Zimmermann et al., 1974) . Thereby, the size of the permeable structures is crucial for the extraction efficiency, since it determines the size of the molecules that are able to cross the cell membrane (Saulis, 2010) . Based on the assumption that the mass transfer across the cell membrane is diffusion limited, protein extraction rates were analyzed over a prolonged time period (Puc et al., 2003) . Overall protein extraction rates increased with time, reaching a maximum after 24 h. Therefore, protein extraction by PEF was followed by a 24 h incubation in order to maximize protein extraction efficiency.
As the average protein concentration did not change significantly with the increasing number of pulses, the pulse number was set to two (data not shown). This parameter was the lowest possible value where no influence on the protein extraction rate was observed. These results are in agreement with literature where after a certain threshold extraction was not enhanced by increasing the number of applied pulses (Luengo et al., 2015b) . Thus, the energy input could be reduced with an unaffected protein extraction rate. However, based on preliminary results, the overall protein extraction rate strongly depends on the microalgae growth state. According to Yamamoto et al. (2004) , the thickness and number of cell walls changes during the autosporulation of C. vulgaris. Hence, C. vulgaris has a thinner cell wall in the early growth phase compared to later phases. It is therefore hypothesized that protein extraction rates are higher for microalgae in the early growth phase. The influence of microalgal growth phase was analyzed by PEF treatments of microalgae cultures over the whole cultivation cycle.
Protein extraction by PEF in dependency of microalgae growth phase
The PEF parameters were based on the obtained results with regard to overall protein extraction efficiency, set to an electric field strength of 20 kV cm −1 and two applied pulses. The concentration of extracted protein decreased over time (Fig. 1) . Therefore, the extraction of protein from microalgae seems to be strongly dependent on their growth phase. The absolute amount of extracted protein decreased by 32.3% from the first PEF treatment after 48 h (0.39 ± 0.01 g L −1
) of cultivation to the last PEF treatment after 240 h of cultivation (0.12 ± 0.01 g L −1 ). A possible reason for the decrease in protein extraction is the increased thickness of the cell wall over the growth phases (Yamamoto et al., 2004) . A thicker cell wall may hamper the formation of permeable structures by PEF and hence protein diffusion, as the induced transmembrane potential is negatively affected (Marszalek et al., 1990; Teissie and Tsong, 1981) . Another possible reason for the decrease in protein extraction is that the concentration of extractable protein itself may vary over time (Safi et al., 2014) . However, the diffusion-driven process allows the extraction of soluble compounds while potentially insoluble compounds are concentrated within the intact microalgal cell. The change in overall extracted proteins was analyzed by comparing the PEF treatments to a reference high-pressure homogenization treatment, which, according to Safi et al. (2015) , is one of the most efficient extraction methods (Fig. 2) .
Comparing the absolute protein extraction rates, HPH treatments appear to be superior to PEF treatments (Fig. 2) . These results agree with the literature, where a low protein extraction rate by PEF treatment was found in comparison to HPH ('t Lam et al., 2017; Carullo et al., 2018; Postma et al., 2016) . However, the HPH treatment results in a complete disintegration of the microalgal cells, whereas the PEF treatment results in visually intact microalgal cells. Moreover, the supernatant after PEF treatment was transparent, whereas the supernatant after HPH treatment turned green, indicating the disruption of the chloroplast by HPH. This observation indicates that internal cell structures are not irreversibly affected by PEF, and thus, only free protein can be released from the cell. Structural proteins of membranes and organelles do not appear to be available within the chosen treatment parameters; thus, protein extraction by PEF results in lower absolute yields (Fig. 2, Table 2 ). However, as with the chosen parameters, mostly the outer cell membrane seems to be permeabilized, the extractable protein concentrations might differ from the absolute protein concentration (Safi et al., 2015 (Safi et al., , 2014 . The initial microalgal dry weight in the treated samples was 6 g L −1
, with 46.46 ± 0.01% being proteins. Of these, only 30% are freely available and are therefore available for reversible PEF-based extractions (Berliner, 1986; Safi et al., 2014) . With respect to the resulting free protein concentration, PEF yields extraction rates up to 96.6 ± 4.8%. L. Buchmann, et al. Bioresource Technology 291 (2019) 121870 
Cellular origin of PEF-and HPH-based extracted proteins
A shotgun proteomic analysis was conducted in order to investigate the cellular origin of PEF-and HPH-based extracted proteins. Overall, 1583 proteins were identified using the settings described in Section 2.7. Mostly proteins found in the thylakoid membrane of the chloroplast were significantly increased in the supernatant from HPH-treated microalgae compared to PEF-treated (Table 2 ). Other significantly increased proteins were from the inner mitochondrial membrane and chloroplast (Table 2) . These results support the theory that only free protein can be extracted by PEF, as organelle-related and structural proteins were significantly increased after HPH processing. Comparing the absolute protein extraction efficiency, PEF processing within the chosen parameters cannot compete with HPH processing. However, considering that only 30% of the total protein content from C. vulgaris is freely available, reversible PEF can yield up to 96.6 ± 4.8% of this protein fraction (Berliner, 1986) . Moreover, the aim of this research was not the optimization of PEF-assisted absolute protein extraction, but rather a continuous extraction of proteins from viable microalgae cultures. Therefore, an investigation of the recovery levels of PEFtreated microalgae was conducted.
Continuous microalgae cultivation with PEF-assisted protein extraction
Based on the preliminary results, continuous microalgae cultivation with PEF-assisted protein extraction was analyzed for 10, 15 and 20 kV cm −1 . As the PEF-based protein extraction was found to be mainly electric field strength dependent, within the chosen parameter range, the number of pulses was set to two. Thereby, the energy input was minimized without affecting the protein extraction rates. For an electric field strength of 10 kV cm −1 , no significant protein extraction was found. The protein extraction rate at an electric field strength of 20 kV cm −1 resulted in the highest protein extraction rate.
These results are in agreement with the above results for the maximum protein extraction rate. Moreover, the protein extraction rate was stable over the three cycles (Fig. 3 , Table 3 ). The different extraction rates for 20 kV cm −1 can mainly be attributed to the different recovery levels of the microalgae cultures and subsequent different growth phases prior to the treatment. The influence of the growth phase on protein extraction was elucidated in Section 3.1. The results indicate that protein extraction in an early growth phase is higher than that in later growth phases.
Table 2
Significantly increased proteins in the supernatant of HPH-treated Chlorella vulgaris in comparison to PEF-treated samples, analysed by a proteomic shotgun analysis. , respectively, and three subsequent PEF treatment cycles with 168 h of cultivation in-between.
Table 3
Free protein extraction and recovery rate for multiple extraction cycles at theoretical electric field strengths of 10, 15 and 20 kV cm −1 . The same letters indicate nonstatistical significance at a 95% confidence interval for the free protein extraction rate over the three extraction cycles. fully recovered 168 h after the PEF treatments with a recovery rate of 99.5 ± 8.3% (Fig. 4a ) and 93.8 ± 6.7% (Fig. 4b) . PEF treatments at an electric field strength of 15 kV cm −1 resulted in a recovery rate of 59.2 ± 8.2% (Fig. 4a ) and 68.0 ± 4.5% (Fig. 4b ) after 168 h. At an electric field strength of 20 kV cm −1 , the microalgae recovery rate after 168 h was 29.4 ± 2.7% (Fig. 4a ) and 46.0 ± 13.2% (Fig. 4b) . The free protein extraction rate and recovery rate for the investigated electric field strengths are summarized in Table 3 .
The results indicate that the higher the protein extraction, the lower is the recovery level, thus the severity of PEF induced effects increases. Moreover, the lag phase after the PEF treatment is more pronounced if higher protein concentrations are extracted. Nevertheless, the results for the three cycles at 10 kV cm −1 or 15 kV cm −1 are not statistically significant different (Table 3) , indicating a stable process and no longterm influence of PEF on microalgae recovery or composition with respect to a cultivation of 168 h between the treatments.
Influence of the incubation and treatment fluid on the protein extraction and microalgae recovery rates
To achieve matched load conditions, the PEF treatments were conducted in 151.7 mM PBS adjusted to a conductivity of 2 mS cm −1 and pH = 7. Based on preliminary data indicating that the protein extraction after PEF is diffusion limited, the incubation in high conductive (10 mS cm −1 ) DSN medium was hypothesized to increase the overall protein extraction. Moreover, as DSN medium was used to cultivate the microalgae, a physiological benefit was hypothesized, as microalgae were incubated in their respective cultivation media and therefore the recovery rate should be increased as well. In the first step, the influence of the incubation fluid on the protein extraction was analyzed.
The protein extraction was significantly higher if DSN medium was used as the incubation fluid. DSN medium as the incubation fluid resulted in a free protein extraction rate of 52.9 ± 7.1% for an electric field strength of 20 kV cm −1 . In contrast, PBS as the incubation fluid resulted in a free protein extraction rate of 23.2 ± 1.3% for equal PEF parameters (Table 1) . With regard to the recovery rate, the same trends as for the PBS/PBS system were observed. The time-dependent recovery rate after PEF processing reached 93.8 ± 6.7%, 39.6 ± 3.7% and 1.6 ± 0.7% at an electric field strength of 10, 15 and 20 kV cm −1 , respectively (Fig. 5) . The hypothesis of an increased protein extraction at higher ionic strengths of the incubation fluid and therefore higher diffusion gradient appears to be verified. The results indicate that high conductive incubation fluids facilitate diffusion of proteins through permeable structures, as similar electric field strengths in PBS resulted in no significant protein extraction. Therefore, the overall performance of the DSN medium was assessed using DSN as the treatment and as the incubation fluid. The higher conductivity of the DSN medium resulted in mismatched load conditions. These mismatched load conditions result in partial reflection of the applied voltage and hence lower electric field strengths than actually expected based on the initially applied voltage (Table 1) .
L. Buchmann, et al. Bioresource Technology 291 (2019) 121870 (Buchmann et al., 2018b) . The resulting mismatched load conditions were accounted for in subsequent energy input calculations (Table 1) . The protein extraction of the DSN/DSN system was significantly higher than the extraction rate obtained for the PBS/PBS system (Fig. 5) . The free protein extraction rate of the DSN/DSN system resulted in 69.2 ± 1.4% at an electric field strength of 20 kV cm −1 , whereas for the PBS/PBS system, at theoretical equal PEF processing parameters, it resulted in 23.2 ± 1.3%. One explanation for the higher protein extraction rate is the high conductivity of the DSN medium. The increased extracellular conductivity results in an accelerated charging of the membrane (Silve et al., 2016) . In addition, the increased conductivity accelerates the diffusion-driven protein extraction, and thus, a lower electric field strength is more efficient compared to low conductive suspending media. This result correlates with the results found for the PBS/DSN system.
The time-dependent recovery rates of the microalgae treated at an electric field strength of 10 and 15 kV cm −1 were 47.1 ± 15.4% and 15.8 ± 8.5%, respectively, lower than the recovery rates of microalgae treated in PBS. The microalgae treated at 20 kV cm −1 did not recover at all after 168 h, with a recovery rate of 1.5 ± 0.7%. Due to the correlation of increased protein extraction rate and reduced recovery rate, this trend was expected. However, the hypothesis regarding the beneficial influence of the DSN medium on the overall efficiency of the process with respect to a continuous protein extraction by PEF could not be verified at this time. Further optimization of the PEF treatment parameters with respect to the microalgae recovery rate could support the DSN/DSN system, as the absolute protein extraction rate is superior at all investigated electric field strengths. With regard to the free protein extraction efficiency, DSN/DSN performed the best, followed by PBS/DSN and PBS/PBS. However, focusing on an innovative closed-loop biorefinery concept, the recovery rates need to be taken into account as well.
Assessment of the overall PEF-based extraction efficiency over multiple cycles was conducted, introducing the cyclic extraction factor as shown in Eq. (3): = cyclic extraction factor[ ] free protein extraction rate·recovery rate.
(3)
The cyclic extraction factor was used to correct the increased free protein concentration rate with the reduced recovery rate and thereby quantify the overall efficiency of the process (Table 4 ). The best overall performance is achieved at an electric field strength of 9.24 ± 0.32 kV cm −1 and two applied pulses. The cyclic extraction factor amounted to 0.273 ± 0.029 with an energy input of 1.94 ± 0.01 kJ kg sus −1
. These experimental conditions resulted in a free protein extraction rate of 29.1 ± 1.1% and a recovery level of 93.8 ± 6.7% after six days. Considering the cyclic extraction factor, lower electric field strengths outperform higher field strengths, due to the disproportional decrease in the microalgae recovery rate with increasing electric field strength. In order to reach the full potential of the cyclic extraction process based on PEF further research should be conducted in e.g. a chemostat to increase the overall performance of the process.
Conclusions
Innovative up-and downstream processes are needed in order to increase the performance of microalgae-based biorefineries. PEF processing allowed the extraction of up to 96.6 ± 4.8% available free protein. However, the continuous PEF-based extraction showed a trade-off between a high extraction and recovery rate. Applying 1.94 ± 0.01 kJ kg sus −1 resulted in the highest cyclic extraction factor and therefore the best process window for continuous extraction from viable cell cultures. Further research should focus on the integration of membrane technology in order to separate the extract from the microalgae cultures inline.
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Table 4
Cyclic extraction factor depending on the PEF parameters as well as the treatment and incubation fluid. Specific energy inputs for the individual experiments are shown in Table 1. PEF parameter Cyclic extraction factor [-] Theoretical E [kV cm L. Buchmann, et al. Bioresource Technology 291 (2019) 121870 
